This study aimed to enhance production of polyhydroxybutyrate P(3HB) by a newly engineered strain of Cupriavidus necator NSDG-GG by applying response surface methodology (RSM). From initial experiment of one-factor-at-a-time (OFAT), glucose and urea were found to be the most significant substrates as carbon and nitrogen sources, respectively, for the production of P(3HB). OFAT experiment results showed that the maximum biomass, P(3HB) content, and P(3HB) concentration of 8.95 g/L, 76 wt%, and 6.80 g/L were achieved at 25 g/L glucose and 0.54 g/L urea with an agitation rate of 200 rpm at 30 °C after 48 h. In this study, RSM was applied to optimize the three key variables (glucose concentration, urea concentration, and agitation speed) at a time to obtain optimal conditions in a multivariable system. Fermentation experiments were conducted in shaking flask by cultivation of C. necator NSDG-GG using various glucose concentrations (10-50 g/L), urea concentrations (0.27-0.73 g/L), and agitation speeds (150-250 rpm). The interaction between the variables studied was analyzed by ANOVA analysis. The RSM results indicated that the optimum cultivation conditions were 37.70 g/L glucose, 0.73 g/L urea, and 200 rpm agitation speed. The validation experiments under optimum conditions produced the highest biomass of 12.84 g/L, P(3HB) content of 92.16 wt%, and P(3HB) concentration of 11.83 g/L. RSM was found to be an efficient method in enhancing the production of biomass, P(3HB) content, and P(3HB) concentration by 43, 21, and 74%, respectively.
Introduction
In various industries, petrochemical plastic has become one of the most intensively used materials all over the world such as automobile, agriculture, medicine, pharmaceutical, cosmetics, food industry, etc. Although the plastic derived from petrol is important in various industrial sectors, their disposal still poses a serious problem to the environment because of their non-degradable characteristics. For this reason, researchers developed biodegradable plastic such as polyhydroxyalkanoate (PHA) (Shah et al. 2008) .
Generally, PHA is a variety of biodegradable polymer that is synthesized intracellularly by many genera of bacteria (Narayanan and Ramana 2012). PHA granules have a diameter of around 500 nm that can be considered as carbon and energy storage (Shah et al. 2008) . PHA has thermomechanical properties similar to petrochemical polymers such as polypropylene (PP) and polyethylene (PE) (Lee 1996; Sudesh 2013 ) with a biodegradable characteristic in the environment. However, PHA production has some limitations as well. For example, one of the substrates which is used in PHA production is sugar but the use of the food grade sugar purified from plant resources of sugar in the foodstuff industry is expensive. For this reason, the utilization of inedible plant materials such as agro by-products appears to be convenient for PHA production.
In this context, microbial strain Cupriavidus necator and some of its genetically modified organisms (GMO), and also many other PHA producing microorganisms, do not produce enzymes to utilize complex sugars from agro-wastes. This has resulted in the utilization of only simple types of sugar for PHA production (Jiang et al. 2016) . Moreover, C. necator wild strain H16 could assimilate some limited simple sugars such as fructose and gluconate, but does not utilize glucose. So far, a few glucose-utilizing mutants of C. necator have been isolated by UV and spontaneous mutagenesis (Raberg et al. 2012) , and constructed by targeted genetic engineering (Poirier et al. 1992) . The strain C. necator NSDG-GG is one of modified strains to accumulate P(3HB) from glucose.
OFAT is a suitable method to identify the considerable factors and their useful operational ranges. However, they rarely evaluate the effect of more than a factor at the time and their interactions, which is a weakness once the interactions of factors are significant. Generally, the feature of the bioprocesses is characterized by the interactions among the level of their input factors. As a result, when the interactions among the levels of input factors are significant, the major disadvantage of this method is that it hardly gives the optimal conditions for the responses investigated. Furthermore, this method is time consuming, laborious and expensive (Wang and Wan 2009; Surwase et al. 2013) .
Hence, in the quantitative optimization of bioprocess, a robust design of experiment (DOE) has to be applied, to which the input parameter levels and their interaction can be analyzed. On the other hand, the purpose of statistical optimization experiment is to build a predictive statistical mathematical model to predict the behavior of the process being investigated. They form graphical statistical models which can be obtained from RSM (Montgomery 1991; Dashti et al. 2016) . The central composite design (CCD) is the most popular design for RSM used to fit models determined. It is a Box-Wilson central composite design, but usually called a CCD. This design consists of a factorial design (FD) with center points and rotating points (star or axial points) that allow estimation of curvature and generate a second-order model (Hembree et al. 2010; Emeko et al. 2015) .
On the other hand, most of the investigations have been focused on reducing the total cost of PHA by optimization of fermentation process using the statistical approach of RSM (Poirier et al. 1992; Mokhtari-Hosseini et al. 2009; Sheu et al. 2009 ). Furthermore, the use of GMO can be an alternative to decrease the cost of production. Thus, glucose may be an economically feasible feedstock in optimized systems. RSM is a statistical approach that uses quantitative data from a sequence of systematic experiments to seek for optimal condition in multivariable system by establishing the authority of each element in the organization (Bezerra et al. 2008 ). The related literature shows that CCD has been successfully applied to optimize microbial cell cultures of Bacillus megaterium and Bacillus subtilis SRKP-3 to produce P(3HB) (Pandian et al. 2010; Sathiyanarayanan et al. 2013) .
The aim of this study was to improve the production of biomass and P(3HB) by the statistical design of CCD based on pivotal culture medium parameters, namely the initial concentration of carbon and nitrogen sources including glucose and urea, respectively, and agitation speed. This study has a unique feature of applying statistical optimization of P(3HB) production by C. necator NSDG-GG using RSM with the emphasis on only a single carbon source (glucose).
Materials and methods

Microorganism
Cupriavidus necator NSDG-GG is a glucose-utilizable engineered strain of wild strain H16 which has been constructed by modification of nag operon and replacement of phaC with a mutant gene of phaC derived from Aeromonas caviae on the chromosome (Mifune et al. 2008; Orita et al. 2012 ). The stock culture was maintained in nutrient rich (NR) broth medium with 50% glycerol at − 80 °C.
Culture conditions and growth media
To prepare the seed inoculum from the C. necator NSDG-GG stock culture, three loopsful of 24-h freshly grown culture on a nutrient rich agar plate at 30 °C were transferred into a 50-mL nutrient rich broth medium containing (g/L): yeast extract, 2; beef extract, 10; and peptone, 10 prepared in a 250-mL Erlenmeyer flask in which no baffles and aeration system were applied. Then, culture was incubated at 30 °C in a rotary shaker running at 200 rpm for 8 h. Subsequently, 3% (v/v) of the seed culture were transferred aseptically into 50 mL of a minimal salts medium (MSM). The MSM comprised (g/L): NaH 2 PO 4 , 4.0; Na 2 HPO 4 , 4.6; K 2 SO 4 , 0.45; Mg 2 SO 4 , 0.39; CaCl 2 , 0.062; and 1 mL trace elements. The trace elements were composed of (g/L): FeSO 4 ·6H 2 O, 15; MnSO 4 ·H 2 O, 2.4; ZnSO 4 ·7H 2 O, 2.4; and CuSO 4 ·5H 2 O, 0.48 in 0.1 M HCl which was adjusted to pH 6.8 using equimolarity of 1M HCl and 1M NaOH (Budde et al. 2010) . In OFAT experiment, glucose as a carbon source was prepared at various concentrations of 5-45 g/L while the urea as a nitrogen source was maintained at 0.54 g/L. The prepared culture was incubated for 48 h at 30 °C and 200 rpm agitation rate.
Determination of cell dry weight (CDW)
The cells were harvested by centrifugation at 8000 rpm at 4 °C for 10 min and they were washed two times with distilled water and frozen overnight into − 20 °C freezer.
Then the cells were lyophilized based on weight gravimetrically using a freeze-dryer (LABCONCO FreeZone Freezer-Dryer).
Gas chromatography (GC) analysis of PHA
GC analysis was conducted to determine the PHA content and composition in the cells. Samples were prepared according to Braunegg et al. (1978) : 2 mL chloroform and 2 mL methanol acidified with 15% (v/v) H 2 SO 4 were added to approximately 10 mg of lyophilized cells. Methanolysis was conducted at 100 °C for 140 min to convert PHA monomers into hydroxyacyl methyl esters monomers. Having completed the methanolysis, the mixture was cooled to room temperature and 1 mL distilled water was added. Then, it was vortexed for 1 min which led into the formation of a lower chloroform phase and an upper aqueous phase. The samples taken from the lower chloroform phase were used for GC analysis. Caprylic methyl ester (CME) as an internal standard at a ratio of 1:1 was added to the samples. Analysis was performed using a GC-2010 Gas Chromatograph (Shimadzu, Japan) equipped with a Supelco SPB-1 column (Sigma-Aldrich, United States) operated at a temperature of 280 °C. An AOC-20i auto-injector (Shimadzu, Japan) was used with a temperature of 270 °C. The carrier gas was N 2 with a flowrate of 14 mL/min. Detection was conducted using a flame ionization detector (FID) with a temperature of 280 °C. Data from the analysis were taken from GC Solution Version 2.30.00 SU3 software (Shimadzu, Japan).
Central composite design (CCD)
According to the screening results of OFAT, the CCD was employed to measure the proportional response amount of P(3HB) content (wt%), P(3HB) concentration (g/L), and biomass (g/L) under different culture conditions. Based on this design the total number of experimental combinations was 2 k + 2 k + n 0 , where k is the number of independent variables and n 0 is the number of repetitions of the experiments at the center point (Dashti et al. 2014) . Twenty fermentation runs were designed based on the CCD for three independent variables of glucose concentration, urea concentration, and agitation speed. Each variable was coded at three levels of − 1, 0, and + 1, representing low, middle, and high level of the variance, respectively (Sharma et al. 2007 ). The coded values and the actual levels of the variables are given in Table 1 and the designed matrix of the performed experimental runs is shown in Table 2 . As can be seen, experimental runs of 6, 7, 8, 9, 12 and 15 included center point in the experimental design which was repeated six times for the estimation of test error. In CCD experiments, the same incubation time and temperature as that in OFAT experiment was applied.
Statistical modeling
The experimental data from CCD design (Table 2) were used to fit a second-order polynomial regression model (1). A full model for independent variables is represented as follows:
where y is the predictive measured response, X i and X j are the independent variables, 0 represents the intercept, i , ii , and lj are the regression coefficients of the model (Kadier et al. 2018 ). The generated model for three independent variables was expressed as follows:
where y is the predictive measured response as P(3HB) content (wt%), P(3HB) concentration (g/L), and biomass (g/L), 1 , 2 , and 3 are linear coefficients, 11 , 22 , and 33 denote quadratic coefficients, 12 , 13 , and 23 are interaction coefficients, X 1 , X 2 , and X 3 represent coded values of glucose concentration (g/L), urea concentration (g/L), and agitation speed (rpm), respectively. The numerical optimization was applied to synchronize optimization of the multiple responses in which all the independent variables were kept within the levels determined to maximize the responses. In order to validate the optimum conditions determined by the regression model, a set of fermentations was performed under the optimum conditions. The results of responses obtained from verification experiment were compared to the 
Results and discussion
Initial culture and P(3HB) production
Cultivation of C. necator NSDG-GG was run at 30 °C and 200 rpm using the medium introduced in the "Materials and methods". Figure 1 shows that variations in glucose and urea concentrations in the range 5-25 and 0.34-0.54 g/L, respectively. As presented in Fig. 1 , the glucose concentration more than 25 g/L and urea with a concentration more than 0.54 g/L resulted in a negative effect on the P(3HB) production and the production decreased. However, the results indicated that the highest biomass achieved was 8.95 g/L with P(3HB) content of 76 wt% and P(3HB) concentration of 6.80 g/L at 48 h and 200 rpm when glucose and urea concentrations were set at optimal concentrations of 25 and 0.54 g/L, respectively (Fig. 1 ). This indicates that the optimized combination of carbon and nitrogen sources at pH 6.8 and 200 rpm significantly increased biomass compared to that found by Aramvash et al. (2015) . They measured a biomass of 1.37 g/L from C. necator ATCC 17699 with 20 g/L glucose and 2.0 g/L (NH 4 ) 2 SO 4 at pH 7.0 after 48 h. The results revealed that this new mutant strain (C. necator NSDG-GG) in the present study is capable of increasing bio-transforming of glucose into biomass.
Biomass production
The second-order model obtained from the regression analysis of experiments of CCD is represented as follows:
The statistical test for the ANOVA of the model is shown in Table 3 . Table 3 demonstrates the result of biomass in response to the combination of input variables (X 1 , X 2 , X 3 ) according to the experimental design. The regression coefficient and determination coefficient (R 2 ) for a second-order model of biomass are given in Table 3 . This regression model was significant (p < 0.01) with a reasonably large value of the determination coefficient (R 2 = 0.9753). The response surface fitted to the model showed the effect of glucose (X 1 ) and urea (X 2 ) on biomass production. Therefore, it demonstrates that this quadratic model has a maximum predicted point and the interaction between its considerable linear terms. Referring to the fitted model (3), the positive coefficient of X 1 , X 2 , and X 1 X 2 infers that glucose and urea are important and they synergistically interacted to (3) improve biomass production ( Table 3 ). The maximum actual production of biomass by C. necator NSDG-GG after 48 h cultivation was obtained when the initial concentration of glucose (X 1 ) and urea (X 2 ) was 50 and 0.73 g/L, respectively, at 250 rpm in Run 13 ( Table 2) . As shown in Table 3 , the data indicated that the linear terms of X 1 , X 2 and their interaction X 1 X 2 were significant (p < 0.01). It shows that the changes in the concentration of X 1 and X 2 could extremely reduce or increase the growth. The coefficient of the model term X 2 was relatively greater than X 1 , i.e., the glucose effects on biomass production was less than urea. As depicted in Fig. 2c , it can be explained that the increasing glucose concentration at a maximum concentration of urea contributes to the quadratic biomass production. However, both excessive additions of urea and glucose in medium decreased biomass production. Additionally, the results indicated that the synergistic interactions between glucose and urea concentration (X 1 X 2 ) increased the biomass production to a certain limit. The related literature shows that the carbon and nitrogen concentration are Biomass (g/L) P(3HB) concentration (g/L) P(3HB) content (wt%) Fig. 1 The effect of glucose concentration at 0.54 g/L urea (a); the effect of urea concentration at 25 g/L glucose (b) on biomass, P(3HB) content, and P(3HB) concentration In this study, only glucose and urea were used as carbon and nitrogen sources and they sufficed to improve biomass production. This is because the organism used was genetically modified to accumulate biomass from glucose. In addition, urea was selected through the optimization of different nitrogen sources by C. necator NSDG-GG prior to this study. Figure 2a , b shows that the increasing or decreasing of agitation rate and its interaction with glucose and urea concentrations lead to an insignificant effect on biomass production. The interactions between the variables can also be inferred from the shapes of the contour plots in the same Fig. 2a, b . The elliptical and saddle surfaces indicate the evidence of the interactions (Yu et al. 2008; Daneshi et al. 2010 ).
P(3HB) accumulation
Experimental results of P(3HB) content obtained from CCD are shown in Table 2 . The results obtained from multiple regression analysis of CCD experiments were fitted to second-order polynomial model. P(3HB) content fitted in the terms of coded variables was obtained as the following model:
This model implies that the constant linear (X 1 , X 3 ), quadratic ( X 2 1 ), and interaction terms (X 1 X 3 and X 2 X 3 ) (4) Y 2 = 88.61 + 9.32X 1 + 4.71X 3 − 27.81X 2 1 − 4.90X 1 X 3 − 11.31X 2 X 3 . are significant (Table 4 ). The negative polynomial coefficient in interaction terms implies that the interaction is antagonistic. The difference in the values of the coefficient between X 1 (9.32) and X 3 (4.71) might be a possible justification for their negative interaction and as a result an unbalanced effect on P(3HB) content as reflected in the response surface displayed in Fig. 3a . In other words, the unbalanced effect can be explained as a result of the magnitude effect from glucose concentration which is higher than agitation rate.
The analysis of quadratic model shows that input independent variables of glucose concentration (X 1 ) and agitation rate (X 3 ) were important. The analysis indicated that the linear terms coded as X 1 , X 3, and their interaction (X 1 X 3 ) are significant with the probability value of p < 0.01. This obviously implies that the effect of coded variable X 1 , X 3 , and their interaction is meaningful to P(3HB) accumulation in the design. Glucose concentration is as important as agitation rate. However, the linear terms of them positively correlated with the P(3HB) accumulation rise to a certain limit while the interactive term was negatively correlated. In other words, this indicates that the glucose and agitation rate cause P(3HB) content to be accumulated, but their interactive terms are antagonistic.
Given the interaction of nitrogen concentration with agitation (X 2 X 3 ), the antagonistic effect seemed to be more obvious on P(3HB) accumulation. Therefore, increasing agitation rate and decreasing urea concentration gained more P(3HB) accumulation as demonstrated in Fig. 3b . This implies that the antagonistic interaction results from the terms X 2 X 3 is stronger than that of X 1 X 3 . : the quadratic terms; X 1 X 2 , X 1 X 3 , X 2 X 3 : the interaction terms. R 2 = 0.9969 **Statistically significant at 99% probability level The agitation rate effect seems to be relative in the production of P(3HB). However, it is considered critical in the concentration of glucose and urea since the availability of dissolved oxygen to the cells is necessary in the formation of P(3HB) (Almeida et al. 2010 ) and the metabolism of nutrients. On the other hand, it should be noted that the increased agitation rates impose shear stress on microorganism (Tripathi et al. 2013; Aramvash et al. 2015; Wisuthiphaet and Napathorn 2016) .
As displayed in Fig. 3a , increasing glucose concentration either with low or high agitation rate increased P(3HB) content. On the contrary, maintaining glucose at a low level and increasing agitation produced an insignificant response.
Regarding the determination coefficient (R 2 = 0.9969), 99.69% variability predicted by the model; only 0.31% can be accounted for the model inadequacy. The highest P(3HB) content occurred in Run 17 of CCD (Table 2) .
In general, P(3HB) is accumulated under stress conditions that lead to a reduction in cell growth. Stress can be considered in the form of limited aeration or limited nitrogen among other things. High nitrogen and high aeration will promote the growth of bacterial cells and therefore P(3HB) accumulation will be hindered because the acetylCoA pool will be channelled to TCA cycle to be oxidized. On the other hand, under limited nitrogen, microbial cells cannot multiply. So, when aeration is increased, microbial cells will accumulate P(3HB) as a form of electron sink (Dawes and Senior 1973) . Fig. 2 3D surface showing the interactive effect of input-independent variables on biomass production after 48 h of cultivation: a the interaction of glucose (X 1 ) and agitation speed (X 3 ); b the interaction of urea (X 2 ) and agitation speed (X 3 ) and c the interaction of glucose (X 1 ) and urea (X 2 ) 1 3 330 Page 8 of 11
P(3HB) concentration
The results obtained from multiple regression analysis of CCD experiments were fitted to a second-order polynomial model. P(3HB) concentration in the terms of coded variables is expressed as the following equation:
The ANOVA for P(3HB) concentration is presented in Table 5 . The model was significant (p < 0.01) with a fairly large coefficient of determination, R 2 = 0.9784. This indicates that the obtained experimental data were in a good fit with the model. The resulting surface response generated based on this model shows the effect of glucose (X 1 ) and urea (X 2 ) concentration on P(3HB) concentration.
As presented in Tables 3 and 5 , the results of ANOVA show that P(3HB) bio-transformation is dependent on biomass production. Moreover, as shown in Fig. 4 , increasing glucose and urea concentrations resulted in the increase of P(3HB) concentration. However, higher increment in glucose concentration had a deleterious effect on P(3HB) concentration. In this regard, biomass production and P(3HB) accumulation have been found to be dependent on glucose and urea concentration to a certain limit. This dependency could be attributed to the increased biomass production. This indicates that P(3HB) bio-transformation is related to bacterial growth and biomass production. As biomass rises in the culture broth, the bacterial strains begins to accumulate P(3HB) to a highest concentration so that accumulated P(3HB) is dwindling after maximum biomass production. This could be because of exhaustion of nutrients which makes bacterial cell to utilize P(3HB) as an energy source (Sangkharak and Prasertsan 2007; Getachew and Woldesenbet 2016; Wisuthiphaet and Napathorn 2016) . On the other hand, PHA forms mainly under certain growth conditions such as a limiting concentration for at least one nutrient essential for growth (Anderson and Dawes 1990) . In this regard, a quite low nitrogen content of culture medium leads to an increment in C/N ratio which in turn enhances P(3HB) accumulation (Getachew and Woldesenbet 2016) .
The interaction term (X 1 X 2 ) was also found to be highly significant and synergistic to the P(3HB) formation (Table 5 ). Table 2 shows that the highest amount of P(3HB) concentration (11.24 g/L) was obtained in Run 17 when the initial concentration of glucose and urea was 30 and 0.73 g/L, respectively.
Validation of the regression model and assay reproducibility studies
An analysis of the quadratic models using Design-Expert software was applied to obtain the optimum conditions for achieving the highest production of biomass, P(3HB) content and P(3HB) concentration. The optimum conditions determined by the model analysis were 37.70 g/L glucose, 0.73 g/L urea, and 200 rpm agitation speed as shown in Table 6 .
Validation experiments were carried out to verify the predicted optimum and to confirm the model. The average value (5) Y 3 = 9.42 + 1.84X 1 + 1.55X 2 − 4.65X 2 1 + 1.63X 1 X 2 . Fig. 3 3D surface showing the interactive effect of input independent variables on P(3HB) content after 48 h of cultivation: a the interaction of glucose (X 1 ) and agitation speed (X 3 ) and b the interaction of urea (X 2 ) and agitation speed (X 3 ) of maximum responses obtained from three replications of the experimental runs in optimum conditions are shown in Table 6 . Compared with the medium in OFAT experiment, the concentration of biomass, concentration of P(3HB), and P(3HB) content improved around 1.43, 1.7, and 1.2 times after 48 h, respectively.
The closeness of the results of verification experiments and predicted values of the model established the accuracy of the selected model and reproducibility of the responses. This suggests that the model was adequate with the inadequacy of 0.3-2.5%. Generally, aerobic bacteria consume carbon source for cell growth and biomass synthesis. For this particular case, agitation speed probably improved nutrient and oxygen transferring rate (Kamble et al. 2010 ) and this condition most likely contributed to the utilization of more glucose to increase biomass as compared to OFAT in which it contained less glucose. Evidently, both glucose and urea were significant as shown in Table 3 . In this regard, the study fulfilled by Narayanan and Ramana (2012) for PHB production by Bacillus mycoides DFC1 strain isolated from garden soil showed that PHB yield of 3.32 g/L and PHB content of 76.32% (w/w) were produced in optimum conditions which 17.34 g/L glucose and 7.03 g/L peptone were utilized. In this context, Zafar et al. (2012) utilized sucrose and urea as carbon and nitrogen sources, respectively, in the optimization of culture conditions via RSM for PHB production in shaking flask by the strain Azohydromonas lata MTCC 2311. Experimental results showed that the optimum conditions were 35.20 g/L sucrose and 1.58 g/L urea with a highest predictive PHB concentration of 5.95 g/L.
The measurement of residual glucose of culture medium in validation experiments showed that a quantity of 27.4 g/L of glucose remained at the end of fermentation time, so that 13 g/L of glucose was consumed by the strain C. necator NSDG-GG for production of 12.84 g/L of biomass and 11.83 g/L of P(3HB). 
Conclusion
This study investigated the enhancement of P(3HB) production by C. necator NSDG-GG, which is the first glucose-utilizing model strain of C. necator obtained by genetic engineering. For this purpose RSM was employed to optimize the three key variables at a time (glucose concentration, urea concentration, and agitation speed) to obtain optimal conditions in the multivariable system. The optimal conditions obtained in this study included the cultivation conditions of 37.70 g/L glucose, 0.73 g/L urea, 200 rpm at 30 °C, and the incubation period of 48 h. Under optimum conditions the highest biomass of 12.84 g/L, P(3HB) content of 92.16 wt%, and P(3HB) concentration of 11.83 g/L were produced. Furthermore, RSM was able to improve the production of biomass, P(3HB) content, and P(3HB) concentration by 43, 21, and 74%, respectively. The findings of this study suggest that the newly engineered strain of C. necator NSDG-GG has a good potential for production of P(3HB) from glucose. The optimized medium composition will be used to design fed-batch and continuous cultivation modes to scale-up the P(3HB) production in bioreactors. 
